The current study measures the mechanical behavior of both natural and the monobloc elastomeric disc prosthesis (Cadisc TM -L) by employing a finite element method (FEM) to study the fiberreinforced constitutive formulation provided in the literature. The three-dimensional geometry was created by computed tomography (CT) scan imaging technique. Frontal pure rotational, sagittal, and axial momentum of 7.5 N·m were applied on the top of L3 while the lower half of the L5 was fixed in all directions. This investigation was performed considering two stages: (1) intact L3-L5 lumbar spine (INT model), and (2) Cadisc implemented between L4 and L5 (IMP model). The numerical results for the INT model were validated by experimental data from the literature. Several parameters including the inter-segmental rotation, range of motion in flexion-extension, axial rotation and lateral bending were analyzed. Our numerical results show that the IMP model has a 50% reduction in the 'range of motion' and a 33% reduction in flexion in lateral bending compared to the INT model. These outcomes of this paper reveal the feasibility of applying a fibrereinforced constitutive formulation to generate an accurate three-dimensional FEM model.
Introduction
Despite progresses in prevention, diagnosis, and treatment of intervertebral disc problems, such problems remain a main cause of disability for humans (Joshi et al., 2006) . Elderly people, after the appearance of instability in their spinal column, may suffer from pain due to the degeneration of intervertebral discs and they usually need implantation with an artificial disc (Dietrich et al., 2005) . Discovering the effect of geometry and tissue properties is challenging in the numerical modeling approaches due to the high intrinsic parameters existing in the experiment Nachemson et al., 1979; Skultz et al., 1979 ). Furthermore, a major limitation of in-vitro explorations is quantification of load transfer between different tissues that are constrained by range of motion including global reaction forces and intradiscal pressure. Computational methods, however, have the potential to determine the biomechanical behavior of natural and artificial intervertebral discs by eliminating the need for experimental procedures provided that their procedures meet validation criteria. 152 The finite element method is widely used for strain and stress analysis of engineering structures particularly in biomechanics and proved to be very functional for complex models of living tissues structures (Amerian et al., 2014; Bahraseman et al., 2013 Bahraseman et al., , 2014a Bahraseman et al., , 2014b Bahraseman et al., , 2015 Bahraseman et al., & 2016 Dietrich et al., 1991; Kedzior et al., 1996; Khosravi et al., 2014a Khosravi et al., & 2014b Poor et al., 2017; Sabooni et al., 2015; Skalli, 1999; Zienkiewicz & Taylor, 1991) . These computational tools provide assistance for a better interpretation of clinical and experimental data to improve the prosthesis design. The Cadisc-L is produced from a polyurethane-polycarbonate polymer using stiff endplates. The internal structure of Cadisc-L consists of a soft nucleus encircled by a stiffer annulus that is segregated by a gradual transition of modulus (Naylor et al., 2012; Barnes et al., 2012) .
The advantage of having separated regions is to eliminate sharp interfaces among materials with different mechanical properties . The design of the implant nearly imitates the mechanical properties of the natural disc (Naylor et al., 2012; Johnson et al., 2011; Benzel et al., 2011) . Langrana et al. (1991) . performed a finite element analysis approach to model an ideal and a realistic disc. They studied the mechanical behavior of such discs with varying extends and types of injuries and degenerations by considering the effects of geometry, the relative volumes of the nucleus to annulus fibrous, the fiber volume fraction and material properties. Gloria et al. (2011) investigated the static and dynamic mechanical properties of an in-house developed composite IVD prostheses. The composite IVD was made out of reinforced poly semi-interpenetrating polymer network hydrogel with the same structure as the natural IVD using filament winding and molding techniques. Their findings revealed appropriate static and dynamic mechanical characteristics that was similar to natural IVD. Later in 2012, Noailly et al. (2012) performed a numerical simulation on annulus fibrosus (AF) repair. Their study investigated the performance of a tested biomimetic composite disc implant made of an artificial polymer nucleus contained within a fiber-reinforced textile annulus. Their implant design optimization study was aimed to match the natural disc's overall biomechanical properties. Their numerical results showed the importance of fiber orientation on the control of torsional loading. Their techniques emphasized the capabilities and potentials of simulation models to quickly screen repair tactics and design advancement of AF repair means. The rotations with the controlled load and displacement were modeled with respect to the body weight. The equipment updates help rebuilding the model's estimations on global axial and sagittal flexibility. Material properties played a major role, but some other updates were identified to potentially tune the device behavior against specific motions. All device versions altered the coupled intersegmental shear deformations affecting facet joint contact through contact area displacements. Loads in the bony endplates adjacent to the implants increased as the implant stiffness decreased but did not appear to be a strong limitation for the implant biomechanical and mechanobiological functionality. In conclusion, numerical results given by biomimetic composite disc substitutes were encouraging with greater potential than that offered by ball-on-socket implants. Van den Broek et al. (2012) considered four cases of homogeneous elastomer, elastomer with fiber jacket, multi-stiffness elastomer, and hydrogel with fiber jacket using a computational method where the fiber jacket around an elastomer case considered the physiological motion in all degrees of freedom. They concluded that mimicking the non-linear behavior of intervertebral disk is essential in supporting the spinal motion. Van de Broek et al. (2012) tested in-vitro in axial compression with a unique loading to investigate the strength of a biomimetic artificial intervertebral discs (AID). They revealed a natural disc annulus design that is very comparable to natural disc behavior. There are several investigations on intervertebral discs for healthy and pathologic cases mainly experimentally (Brown et al., 1957; Adams et al., 1980; Tencer et al., 1982; Twomey & Taylor, 1983; Goel et al., 1985; Miller et al., 1986; McNally et al., 2012) .
This investigation aims to apply FEM analysis to both natural and artificial intervertebral discs (Cadisc-L embedded between L4, L5) using a fiber-reinforced constitutive formulation (Holzapfel & Stadler, 2006) . The numerical simulations were performed for an intact L3-L5 lumbar spine model (INT) as well as the L3-L5 lumbar spine with a Cadisc implemented between L4 and L5 (IMP). The goal of the current study is to analyze the influence of disc implementation on segment mechanics, intersegmental rotation, range of motion, Intradiscal pressure and Intradiscal von-Mises stress.
Materials and methods

Geometry
The CT scan DICOM file of the L3-L5 lumbar spine of a male aged 27 was acquired at 0.35 mm intervals to make a three-dimensional FE model. The CT dataset was imported into the medical image processing software (Mimics (10.0.0.188), Materialise NV, Belgium) to create a 3-dimensional geometric dataset including point clouds. A modified polygonal set of data was extracted by Geomagic Studio (Research Triangle Park, NC) and the final surface geometry was created by commercially available software CATIA v5R20 (Dassault systems Inc.). The CAD model was imported to the FE analysis software Abaqus 6.12.1 (Simulia, Dassault Systems) to create a 3-dimensional FE model, Fig.  1a . The model is composed of 4 parts; two endplates-PU160 ( Fig. 1c ) and the two different modulus of bearing body (Fig. 1d) . 
FE Model
Two FE models of lumbar spine were developed in this study: An intact lumbar spine (INT) and the implanted Cadisc between L4 and L5 (IMP). The INT model consisted of 181,081 elements and 104,035 nodes. Both models have an osteoligamentous lumbar spine which are comprised of the vertebras, intervertebral discs, endplates, posterior bony elements, and all seven ligaments, Superspinous (SSL), Interspinous (ISL), Intertransverse (ITL), Capsular (CL), Ligamentum Flavum (LF), Posterior longitudinal (PLL) and anterior longitudinal (ALL). The implant was located at the space between L4-L5 utilizing the assembly tools available in Abaqus CAE. Surfaces were produced at the interface of the implant and the vertebral body, and the interface of the implant parts by defining 154 an interaction (Tie Constraint). The space between the posterior vertebral elements at the facet joint was also identified and masked to represent the facet joint.
Mechanical Properties
The material properties of the INT model are listed in table 1 and were derived from the literature (Holzapfel & Stadler, 2006; Noailly et al., 2005; Shirazi et al., 1986; Denozi'ere, 2004; Natarajan & Andersson, 1999; Rohlmann et al., 2006; Goel et al., 1995) . The material properties of the ligaments are defined as non-linear elastic properties (Shin et al.,2007) , and they were arranged in the anatomical direction as reported (Chen et al., 2009 ). The computational model in this study uses non-compressive loading resistance for ligament. 7.8 (ԑ < 12%), 20 (ԑ > 12%) 1.0 (ԑ < 11%), 2.0 (ԑ > 11%) 1.5 (ԑ < 6.2%), 1.9 (ԑ > 6.2%) 10 (ԑ < 18%), 59 (ԑ > 18%) 7.5 (ԑ < 25%), 33 (ԑ > 25%) 1.0 (ԑ < 14%), 1.2 (ԑ > 14% Hexahedron elements (8-noded cubic element) were used in discretizing the governing equations of the model of cortical bone, cancellous bone, endplate, annulus fibrosus, and finally nucleus pulpous. The hexahedron element in three-dimensional finite element modeling has proved to be the most effective element to use in structure mechanical simulation (Logan, 1992) . Cortical bone and cancellous bone were assumed to be homogeneous and isotropic (Chen et al., 2009) . The nucleus pulpous which lies at the middle of the disc is made of strands of fibre . The annulus fibrosus which surrounds the nucleus pulpous is made up of bands of fibre embedded in the matrix. The annulus fibrosus was simulated by using a hyperelastic, two-parameter Neo-Hookean formulation (Eberlein et al., 2001) . A hyper-elastic material was used with a shear modulus representing the ligament and the membrane (Table 2) (Natarajan & Andersson, 1999; Goel et al., 1995) . The facet joint was treated as a sliding contact problem applying surface-to-surface contact elements with a coefficient of friction equal to 0.1 (Polikeit et al., 2003; Chen et al., 2001) . The beginning gap between a pair of facet surfaces was considered to be 0.5 mm. For the IMP model, Cadisc mechanical properties were derived from the literature (Falodi, 2010) . This was simulated by using a hyperelastic, 2 nd order Polynomial formulation and was considered incompressible (Falodi, 2010) . 
Strain Energy Potential
The annulus fibrosus of natural disc was modeled as a transversely anisotropic material and assumed to be compressible and defined using the strain-energy function:
where the first term in the right hand side is the derivative strain energy density of the matrix, Eq. (2)
The second term of the right hand side of Eq. (1) is the stored energy in the fibers, Eq. (2) 2 exp 1 1 , ) 3 ( deviatoric strain energy density of the matrix,
that serves as a penalty function enforcing the compressibility constraint. The parameters c and k1 are the material parameters (stress coefficients) and k2 is a dimensionless material parameter. The invariants were defined as and * and is the local volume ratio (Holzapfel, 2002) . The strain energy potentials in the Prosthesis model is defined as Eq. (5),
where is the strain energy, 01 and 01 are material constants, and are deviatoric strain invariants. The is defined as Eq. (6) (Iatridis et al., 1996) 3 1 2 1 ,
where is the shear modulus and is the Poisson's ratio.
Intradiscal Parameters Estimation:
The intradiscal parameters including the pressure were calculated at the mid-plane of the disc. The pressure value's sign refer to the direction where negative and positive pressure values refer to the extension and tension, respectively. The Intradiscal pressure is the distribution of load across the end plate of the disc toward center, as the hydrostatic pressure in nucleus (Noailly et al., 2005) .
Results and Discussion
The ultimate goal of the current study is to statically assess the three-dimensional geometry of the L3-L5 lumbar spine using a finite element method coupled with the fibre-reinforced constitutive formulation introduced by Holzapfel (Holzapfel & Stadler, 2006) . The simulations were performed in two stages of intact lumbar spine (INT model) included natural intervertebral discs between L3, L4 and L5 and a L3-L5 lumbar spine with an implanted CAdisc between L4 and L5 (IMP).
Computing the Complete Intersegmental Rotation in Flexion
The Intersegmental Rotation of Natural Disc Between L3 and L4
As shown in Fig. 2 , the modeling results predicted a 4% increase in intersegmental rotation of L3-L4 when the SSL was removed. Noailly et al. (2007) reported 0.8% of increase for their rough model and 1.2% increase for their updated model. Table 1. By removing the CL, our model predicted 84% increase in the intersegmental rotation of L3-L4 segment that was similar to the reported data from the rough model of Noailly et al. (2007) , 84% predicted increase by our model against their updated model predicted 146% increase. Finally, by removing the ITL, the intersegmental rotation of L3-L4 segment estimated by our INT model increased by 0.2%, while this value was reported as 1% and 2% for the rough and updated models by Noailly et al (2007) . Fig. 2 shows 2% increase in intersegmental rotation of L4-L5 after removing the SLL calculated by the presented INT model while Noailly et al. (2007) reported no increase using the rough and the updated models. By removing the FLL, the intersegmental rotation of L4-L5 segment shown a 0.4% increase using the same INT model while this value was reported 4% and 0% for the rough and updated models of Noailly et al. (2007) . The same parameter after the CL was removed was estimated to be 36% compared the reported data of 36% and 30% for the rough and updated models of Noailly et al. (2007) . Fig. 3 depicts that in flexion-extension, the range of motion of L3-L4 segment using the presented INT model was 25% lower than the experimental data reported by Noailly et al. (2007) . Furthermore, this parameter for the L4-L5 was estimated to be 14% lower than the experimental results of Noailly et al. (2007) .
The Intersegmental Rotation of Natural Disc between L4 and L5
Computing the Range of Motion of FEM Intact Model
The range of motion in flexion-extension
Fig. 3.
Comparison of the computed ranges of motion given by our intact models with experimental and numerical results of similar previous studies for 7.5Nm pure moments.
The Range of Motion in Axial-Rotation
The range of motion of L3-L4 segment in axial rotation calculated by the INT model was estimated to be 27% lower than the experimental data in the literature (Noailly et al., 2007) , Fig. 3 . The same parameter for the L4-L5 segment was shown to be 37% less than the literature reported data (Noailly et al., 2007) .
The Range of Motion in Lateral Bending
The lateral bending range of motion values of L3-L4 and L4-L5 were estimated by the INT model to be 16% and 50% lower than the reported data in the literature (Noailly et al., 2007) , respectively, Fig. 3. 
Computing the Range of Motion of FEM Model of Cadisc-L (IMP)
Table 3 summarizes the range of motion values at different conditions comparing the IMP and INT models. In term of flexion-extension, the range of motion for the L3-L4 when IMP model was used was shown to be 1.7% larger than the results of the INT model while this value was shown to be 50% lower compared to INT model. In term of axial rotation, the L3-L4 range of motion estimated to be 1.8% lower when IMP model was used to compare to the INT. However, the same parameter for the L4-L5 case was shown to be 5% larger when IMP model was used to compare to the INT model. 
The range of motion in lateral bending
Considering the lateral bending, the L3-L4 range of motion estimation using IMP model was shown to be 0.01% lower than INT model while this value for the L4-L5 case was 33%. Fig. 4 and Fig. 5 show the intradiscal pressure changes. The peak of intradiscal pressure for the L3-L4 predicted by the IMP model was 0.4 MPa. The same parameter for the L4-L5, when the IMP model was used, was reported lower than those reported by the INT model from relative distance of 0 to 18 mm. The peak intradiscal pressure of L4-L5 segment was shown to be 0.6 MPa. 
Intradiscal Pressure
Intradiscal Von-Mises Stress
Intradiscal von-Mises stress of L3-L4 along an anterior-posterior mid-sagittal path
The intradiscal Von-Mises stress changes of L3-L4 segment in flexion is demonstrated in Fig. 6 with a peak of 0.8 MPa using the IMP model. Fig. 7 shows the L4-L5 intradiscal Von-Mises stress changes in flexion using the IMP model at a relative distance of 0 to 8 mm with a peak at 0.6 MPa.
This comparison of the reported INT modeling data of the current paper with those reported in the literature under similar loading conditions at the healthy state are shown to be in a reasonable agreement. The validated model was further used to include the Cadisc-L in the L4-L5 position to evaluate its mechanical behavior. To describe the composition of Cadisc-L and its biophysical properties, applied small angle X-ray scattering to examine the variation in annulus and nucleus domains segregated by a graduated region. This experiment also included the calculation of intensity ratios. Moreover, a linescan technique was used to determine the change. Van den Broek et al., (2012) is in good agreement with our findings, although they did not include Ca-disc mechanical properties. Van den Broek et al. (2012) concluded that mimicking the intervertebral disk's non-linear behavior is essential in supporting the spinal motion. As shown in Fig. 2 , the largest impact of the different ligamental resections of spine was achieved after CL elimination. This estimation is in good agreement with the literature (Adams et al., 1980; Twomey & Taylor, 1983; Noailly et al., 2005; . Furthermore, the largest effect of different ligamental resections of spine at intersegmental rotation of natural disc was observed for L4-L5 (Fig. 2) . This prediction is mostly in agreement with reported studies (Noailly et al., 2005; . Our FEM-predicted results of INT model are in agreement with Noailly et al.'s findings (Noailly et al., 2005 (Noailly et al., , 2007 for 'range of motion' (Fig. 3 and Table 3 ). It appears that the observed differences might be due to geometrical differences. It should be mentioned that such differences were observed by Noailly et al. when they compared their numerical and experimental models (Noailly et al., 2005; . To the best of the authors' knowledge, there is no comparable study in the literature that predicts the mechanical behavior of the IMP model.
Cadisc-L implantation
A negligible (less than 1.8%) difference in the results for the range of motion of L3-L4 was observed when both models were used, as shown in Table 3 . The FEM-predicted intradiscal pressure and vonMises stress of L3-L4 along a straight path in an anterior-posterior direction, belonging to the midsagittal plane, shows qualitative agreement between our FEM-predicted results of IMP and INT models (Figs. 4 and 6 ). The range of motion of L4-L5 intervertebral CAdisc in IMP model was reduced by 50% in flexion-extension and 33% in lateral-bending (Table 3 ). This demonstrates that the range of motion is less affected due to implantation of Cadisc as compared to other artificial discs (McNally et al., 2012) . The FEM-predicted intradiscal pressure and von-Mises stress of L4-L5 along a straight path in an anterior-posterior direction, belonging to the mid-sagittal plane, shows good agreement between Our FEM-predicted results of IMP and INT models (Figs. 5 and 7) .
Limitations and future trends
The current study was performed statically while it's naturally a dynamic process. A comprehensive dynamic study may produce better results for future studies. Since the developed model in this study is not a parametric one, it is challenging to change the dimensions of the geometry in a short time. Developing a parametric model in the future will enable researchers to study the size variation effects.
The Holzapfel method is neo-Hookean equation-base (Holzapfel & Stadler, 2006) that was available in the commercial CFD package, Abaqus. We suggest the Mooney-Rivlin equation in future studies in order to be comparable to other studies of similar material properties. The advantage of Holzapfel method is that it requires less solution time. It should be highlighted that facet joint orientations may have great influence on interaction in each model and make the mechanical behavior different. Therefore, more real conclusions can be extracted by considering more real geometry in future studies.
Isotropic mechanical properties were considered for the annulus for the sake of simplicity while it's an anisotropic that can be investigated in the future studies. We are proposing to apply the adjacent level prediction data when the stiff prostheses are in use in segments loaded using different protocols, considering fibre-reinforced constitutive formulation introduced by Holzapfel and Stadler (Holzapfel & Stadler, 2006) .
Conclusion
A three-dimensional finite element model of lumbar vertebrate is developed comprising L3, L4 and L5 to predict the mechanical behavior of a natural and Cadisc. The fibre-reinforced constitutive 160 formulation introduced by Holzapfel (Holzapfel & Stadler, 2006) was applied. This has the merit of requiring only a single scalar structure parameter to specify the dispersion of the fibres. The relatively quick solution time was achieved using the three-dimensional model with the parametric method introduced by Holzapfel (Holzapfel & Stadler, 2006) . The model developed was used to make predictions of inter-segmental rotations and range of motions in flexion-extension, axial rotation, and lateral bending in natural and artificial discs. The modeling data in the IMP case revealed that the range of motion for the Cadisc implant decreased by 50% in flexion and 33% in lateral bending as compared to the intact case.
